The electronic structure of zigzag graphene nanoribbon (ZGNR) is studied using density functional theory. The mechanisms underlying the quantum-confinement effect and edge magnetism in ZGNR are systematically investigated by combining the simulated results and some useful analytic models. The quantum-confinement effect and the inter-edge superexchange interaction can be tuned by varying the ribbon width, and the spin polarization and direct exchange splitting of the edge states can be tuned by varying their electronic occupations. The two edges of ZGNR can be equally or unequally tuned by charge doping or Li adsorption, respectively. The Li adatom has a site-selective adsorption on ZGNR, and it is a nondestructive and memorable approach to effectively modify the edge states in ZGNR. These systematic understanding and effective tuning of ZGNR electronics presented in this work are helpful for further investigation and application of ZGNR and other magnetic graphene systems.
Introduction
Graphene [1] is a promising atomically thick material for electronic devices, sensors, solar cells, and energy storage, due to its large electrical and thermal conductivities, high flexibility and strength, and controllable synthesis and modification (e.g., charge doping and chemical functionalization) [2] [3] [4] [5] [6] [7] . Carving graphene into nanostructures is an effective approach to engineer its transport and optical properties [4, [8] [9] [10] [11] .
Graphene nanoribbon (GNR) is an important nanostructure, and experimentalists have been exploring facile approaches to fabricate high-quality GNR in recent years [12] [13] [14] [15] [16] [17] [18] [19] . The fabrication of one-dimensional graphene channels (a counterpart of GNR) in functionalized graphene has also seen some progress [20] [21] [22] , which is promising for robust and superior integrated circuits [23, 24] . Furthermore, the magnetism of GNR with zigzag edges (ZGNR) indicates a promising application in spintronics [8, 11] . It has been predicted that large magnetoresistance and spin-polarized transport can be realized in ZGNR [25] [26] [27] [28] . The magnetism of ZGNR originates from the localized edge states [29] [30] [31] [32] . In the ground state, the spin moments of the two edges are antiferromagnetically (AF) coupled, and the ferromagnetic (FM) and nonmagnetic (NM) states are the metastable and excited states, respectively [30, 31, 33] . The band structure of ZGNR closely relates to the magnetic status. There is a bandgap in AF-ZGNR [30, 31, 33, 34] , which has recently been measured using scanning tunneling microscopy [19] . However, FM-ZGNR is half-metallic, and NM-ZGNR is semi-metallic with zero bandgap [33] . Both the quantum-confinement effect and inter-edge superexchange interaction coexist in ZGNR, resulting in the variation of many physical properties (e.g., bandgap, magnetic moment, and electronic stability) with the width [8, 31, 34, 33, 23, 19, 35, 36] . The quantum confinement also affects the formation of the Landau levels and then the transport property of GNR under magnetic field [17, 37] . The quantum-confinement effect and magnetic interaction always interplay with each other in ZGNR, thus clearly understanding their individual mechanism is the prerequisite for the tuning of the related physical properties, which is essential for the realistic application of ZGNR.
In this work, the quantum-confinement effect and edge magnetism of ZGNR are studied using density functional theory (DFT). The variations of bandgap, magnetic moment, and electronic stability are understood with the help of theoretical models. It is proposed that the magnetism of the two ZGNR edges can be equally or unequally tuned by charge doping or Li adsorption, respectively, the latter of which is a nondestructive and memorable modification approach.
Computational method
The DFT calculations are carried out using the Quantum ESPRESSO code [38] . The structure of ZGNR is shown in figure 1(a) , where the ZGNR width (W z ) is indicated by the number of the zigzag chains (N z ). The edge carbon (C * ) atoms with dangling bonds are very unstable [39, 40] , and each C * atom is saturated with a hydrogen atom here. Although the edge saturation has different choices [39] , the mechanisms revealed here should be qualitatively generalizable to other situations. The vacuum sizes between neighboring ZGNR are 13Å and 15Å along the transverse and perpendicular directions, respectively. The exchange and correlation of electrons are described by the ultrasoft [41] PBE [42] pseudopotential. The energy cutoffs for the wavefunction and charge density are 35 and 280 Ryd, respectively. The k-point grid for the self-consistent (SCF) calculation is 40 × 1 × 1. When calculating the band structure and electronic density of states (DOS), a non-SCF calculation with a k-point grid of 120 × 1 × 1 follows the SCF calculation. For the simulation of the Li-adsorbed ZGNR (Li-ZGNR), a supercell of six times of the ZGNR unit (N z = 10) is used, as shown in figure 1(b) . The k-point grids for the SCF and non-SCF calculations are 8 × 1 × 1 and 24 × 1 × 1, respectively. The lattice constant and internal atomic positions are optimized with the stress and force thresholds of 0.1 GPa and 10 −4 Ryd bohr −1 , respectively. The adsorption energy of the Li adatom on ZGNR is defined as
where E tot (Li-ZGNR), E tot (Li) , and E tot (ZGNR) are the total energies of Li-ZGNR, a Li atom and ZGNR, respectively. Although the bandgap is always underestimated by the PBE potential used in this work, it is computationally efficient and does not affect the qualitative study of the electronic mechanisms in ZGNR [34, 23] .
Results and discussion
The band structures in figure 2 exhibit that AF-ZGNR, FM-ZGNR, and NM-ZGNR are magnetic semiconductor, half-metal, and semi-metal, respectively. These results are consistent with others [30, 31, 33, 34] . Seen from the local density of states (LDOS) alongside these figures, the electronic states near the Fermi level correspond to the edge states of ZGNR. Apart from these states, other electronic states in these three systems are nearly all the same. In NM-ZGNR, when the reciprocal coordinate (k) goes from the (Brillouin zone center) to the X point (Brillouin zone boundary), the valence and conduction bands get close to and finally touch each other. The non-dispersive parts of these bands results in a high DOS at the Fermi level, and then makes the NM state unstable [33] . However, such an electronic system will be stabilized by the spontaneously induced spin polarization [33] . The edge states in AF-and FM-ZGNRs are all spin-polarized, and the magnetic moments of the two edges are anti-parallelized and parallelized, respectively. It can be seen from the LDOSs (figures 2(a) and (b), right panels) that the localization degree of the edge states increases when the reciprocal coordinate gets close to the X point, thus, the direct exchange splitting in the edge states will also increase correspondingly. The exchange splitting tends to pull the valence and conduction bands away from each other, therefore, in magnetic (AF and FM) ZGNRs, the increase of the exchange splitting competes with the approach between the valence and conduction bands. This competition is the origin for the appearance of the valence-band maximum (VBM) and conduction-band minimum (CBM) in AF-ZGNR at k 0 ⊂ (
, with a bandgap of AF 0 (figure 2(a)). The states at the X point have the largest exchange splittings of AF X and FM X in AF-ZGNR and FM-ZGNR, respectively. In AF-ZGNR, the spin-up and spin-down states are degenerate in energy, but their LDOSs are the reflections of each other about the ribbon center. In FM-ZGNR, the spin moments are equal at the two edges, but the LDOS of each edge state only distributes at one side. In NM-ZGNR, the LDOS of each edge state distributes at both sides. The characteristics of LDOS distributions in FM-and NM-ZGNRs are different from those in the zigzag graphene nanostripes (ZGNS) sculptured in hydrogenated graphene (HG). The matrix (HG) imposes additional strain onto GNS [23, 43, 44] , which makes the electronic interactions and magnetic states in ZGNS somewhat different from those in freely standing ZGNR. This strain-magnetism coupling will be revisited in the following. The bandgaps between the second-lowestunoccupied (SLU-SB) and second-highest-occupied subbands (SHO-SB) in these three systems ( AF sb , FM sb , and NM sb ) are also considered here, because subbands are also important for the field effect of GNR [45, 46] . The LDOSs for these SBs are fully delocalized across the ZGNR, resulting in only the quantum-confinement effect being responsible for the gap between the SLU-SB and SHO-SB.
Some of the edge states are quasi-localized at one half of ZGNR (figure 2(a)), as a consequence, there exists partial chemical bonding between the two edges [33, 23] . This bonding reduces the edge magnetic moment in narrow ZGNRs, but its effect diminishes in wide ZGNRs. The edge magnetic moment mainly comes from the carbon atom on the edge (C * ), and other carbon atoms have relatively small alternating magnetic moments [47] due to the antiferromagnetic coupling between the two different sublattices of graphene [8, 27, 47, 48] . As shown in figure 3(a) , the magnetic moments of the C * atom in AF-ZGNR (M AF C * ) and FM-ZGNR (M FM C * ) both monotonically increase with the width. These variations can be fitted with the following relations
and respectively, where the power-law relationship is a result of the long-range nature of the π electrons in graphene [33, 23, 49] . Although M AF C * is larger than M FM C * in narrow ZGNRs, both of them approach the same asymptotical value ( 0.31 µ B ) in wide ZGNRs, which is close to that ( 1 3 µ B ) predicted from the mesomeric effect [50] .
The variations of the three bandgaps ( AF X , FM X , and AF 0 ) with the width are shown in figure 3(b) . When N z 3, AF X and FM X both asymptotically increase with the width, while AF 0 monotonically decreases down to zero in wide ZGNRs. The former two are both caused by the exchange splitting in the spin-polarized edge states, and they should be consequently proportional to the edge magnetic moment (represented by M AF/FM C * here) [23] . Their variations follow the following relations
and
where J AF/FM x are the exchange constants, which are fitted to be
The power-law decay of J AF/FM x is also due to the long-range nature of the π electrons. The same as M AF/FM C * , AF X is larger than FM X in narrow ZGNRs, but both of them asymptotically approach the same value (0.97 eV). The CBM and VBM states in AF-ZGNR are quasi-localized at one half of the ribbon ( figure 2(a) ), hence, both quantum-confinement effect and exchange splitting contribute to AF 0 , thus, its variation is fitted by a relation with two decaying powers 
AF 0 is mainly determined by the first term when N z 3. The sudden decrease (increase) of AF 0 ( AF X ) at N z = 2 is due to the significantly increased bonding between the two edges and then the enhanced inter-edge direct exchange interaction. It results in the considerable decrease of M AF C * , and the strong antiferromagnetic inter-edge coupling makes the FM state (metastable at N z 3) unstable when N z = 2. The sharp decrease of M AF C * lowers AF 0 , while the increased antiferromagnetic inter-edge coupling lifts AF X , because the two edges provide a strong Weiss field to each other when they are close enough. The variation of the AF X ( FM X ) in the HG-sandwiched ZGNS [23] presents a peak at N z = 12 (14), while there is no peak here. The strain fields in these two counterparts (ZGNR and ZGNS) are somewhat different, and the strain-magnetism coupling makes their related properties different. The gaps between the SLU-SB and SHO-SB ( AF sb , FM sb , and NM sb ) and their variations all quantitatively overlap with each other ( figure 3(c) ), which are all fitted by
This reverse relationship originates from the quantumconfinement effect. The SLU-SB and SHO-SB states are fully delocalized across ZGNR (figure 2), consequently, the spin polarization of the edge states has little effect on them. The electronic stability of the FM and NM states can be indicated by their energies with respect to the AF state ( E(FM−AF) and E(NM−AF)). Their width dependences are shown in figure 3(d) , where E(FM − AF) is determined by the inter-edge superexchange interaction [8, 23, 35, 36] , and its variation is described by a simple Heisenberg model
where the superexchange constant J sx is fitted to be
The long-range superexchange is also responsible for the room-temperature ferromagnetism in irradiated graphite [49] . The NM state is an excited state, and E(NM − AF) is determined by the excitation of electrons from the ground state (AF state). Thus, the variation of E(NM − AF) somewhat resembles that of AF X , both of which asymptotically increase with the width. However, there are many edge states at different k points taking part in this excitation process, and the contributions of the quantum-confinement effect and exchange splitting vary considerably in them ( figure 2(a) , equations (4) and (8)).
Therefore, E(NM − AF) cannot be fitted well by any weighted average of AF X and AF 0 . As an alternative, E(NM − AF) is fitted by
In the HG-sandwiched GNS, the variation of E(NM − AF) also presents a peak at N z = 18 [23] , while this kind of peak is absent here, due to the strain difference in GNS and GNR. The value of E(NM − AF) implies that the spin polarization of the ZGNR edges should be quite stable under the ambient condition (k B T = 27 meV, T = 300 K). On the other hand, E(FM − AF) is relatively small, and the AF and FM states tend to be degenerate at finite temperatures. Therefore, if a certain application of ZGNR requires the distinguishing between the AF and FM states, some kind of magnetic modification is required to enhance the inter-edge superexchange and/or the edge magnetic moment; this still needs much further investigation. Recently, researchers have found that engineering the hydrogen adsorption on the edge can not only increase the edge magnetic moments, but also enhance the inter-edge antiferromagnetic coupling, which provides a promising direction for the application of the magnetism of ZGNR [51, 52] . The contribution of the exchange splitting to AF X , FM X , and AF 0 indicates that these gaps can be tuned by varying the spin polarization of the edge states. Electron and hole dopings both can decrease the edge magnetic moment of ZGNR, which is exemplified by the total magnetic moment of FM-ZGNR (M FM tot ) here ( figure 4(a) ). The decrease rate is smaller under hole doping than electron doping, because the hole doping also decreases the bonding between neighboring C * atoms, which tends to increase the magnetic moment on each C * atom and partly cancels the hole-doping effect. The variations of AF X , FM X , and AF 0 with doping charge all qualitatively coincide with that of M FM tot . As experimental evidence, the bandgap of small-chiral-angle GNRs (close to ZGNRs) on the Au surface has recently been found to be smaller than isolated GNRs [19] , which is probably due to the electrons transferring from the Au substrate onto those GNRs, decreasing the spin polarization and then the bandgap. This kind of phenomenon has been reproduced in a theoretical simulation for the metal-supported ZGNRs [53] , and this charge dependence of the magnetism on doping charge also has been found in hydrogenated graphene [23, [54] [55] [56] , where the magnetic moments also come from the unpaired C(p z ) electrons. In practice, the charge doping of ZGNR can be realized by voltage biasing and metallic substrate supporting, by which the two edges of ZGNR are equally modified. On the other hand, some applications of ZGNR (e.g. half-metallicity [30, 57] ) require the unequal tuning of the two edges, and we propose here that the Li adsorption is a promising approach for this purpose.
Li-adsorbed graphene is a superior material for energy storage [58, 59] , and the adsorption of Li is nondestructive. As seen from figure 5, the thermodynamic stability of the Li adatom on ZGNR is site dependent, and the adsorption energy (E ad (Li) ) is the lowest at the H 1 and H 9 sites (the ZGNR edges) on 10-ZGNR, but the highest at the H 5 site (the ZGNR center). This site-selective adsorption closely correlates with the unpaired electrons at the ZGNR edges and the charge transfer between the Li adatom and ZGNR. The differential charge ( Q) is defined as
where Q(Li-ZGNR), Q(Li), Q(ZGNR) are the charge densities for the Li-ZGNR, a Li atom and ZGNR, respectively. The Q shown in figure 6 directly indicates the electron transfer from the Li atom to ZGNR, and that the effect of Li is somewhat delocalized along the edge. The tendency of the spin-polarized edge electrons to pair with the transferred electron makes the ZGNR edges have higher affinity to bind with the Li adatom than the ZGNR center. However, when the Li adatom is adsorbed at the H 0 site, the coordinate number of Li is reduced, which makes the Li-ZGNR binding on this site weaker than that on the H 1 site. The adsorption-energy difference between the H 5 and H 1 sites ( ) is 0.336 eV, which also is expected to increase up to about 0.7 eV in wide ZGNR [58] . The barrier for the diffusion of the Li adatom between two neighboring sites is about 0.3 eV [58] , which is not simulated here. Thus, the diffusion of the Li adatom across the 10-ZGNR (wide ZGNR) needs to overcome a total barrier of as much as 0.6 (1.0) eV. Furthermore, Figure 6 . The differential charge caused by the bonding between the Li adatom (on the H 1 site) and ZGNR. Increasing (decreasing) electron density is indicated by red (gray).
there are N z − 2 serial steps of jumping needed to be accomplished for a transverse crossing, which can decrease the crossing probability. Therefore, it is expected that the Li adatom can stably keep at one ZGNR edge under ambient conditions. In clean AF-ZGNR, the two edges both have a bandgap of 0.42 eV, and the spin-up and spin-down states are degenerate in energy (figures 2(a) and 7(a)). In Li-AF-ZGNR, the Li(2s) electron completely flows onto one edge of ZGNR (figures 6 and 7(b)). The hybridization between the L(2s) and Li(2p) orbitals are due to the lowering of the potential symmetry (or the electron-transfer-resulting dipolar field). The electron doping of a AF-ZGNR edge after the Li adsorption decreases its spin polarization and then the exchange splitting between the spin-up and spin-down states at this edge, while the electronic states at another edge are nearly unaffected ( figure 7(b) ). Thus, the half-metallicity has been realized in ZGNR by Li adsorption. Half-metallic ZGNR also can be realized by using a transverse electric field [30, 60] and B/N substitution [57, 61] . However, these two approaches either need a persistent electric field or introduce some damage to the carbon lattice, which will inevitably limit their application. The Li adsorption is not only a nondestructive but also a memorable tuning approach: the ionic Li adatom can be easily driven to a certain ZGNR edge by a transverse electric field, after which this electric field removed, and the Li adatom is trapped at the assigned edge. Although the band structure of FM-ZGNR is different from that of AF-ZGNR, the response of its edge magnetism to the Li adsorption (or charge doping, as shown in figure 4) should be the same. In conclusion, the Li adsorption is a promising approach to tune the edge magnetism of ZGNR.
Conclusion
The electronic structure of zigzag graphene nanoribbon (ZGNR) has been simulated using density functional theory in this work. The contributions of the quantum-confinement effect, exchange splitting, and inter-edge superexchange interaction to the bandgaps and magnetism of ZGNR have been systematically investigated with the help of some useful theoretical models. The bandgaps of ZGNR are mainly determined by the quantum-confinement effect and/or the exchange splitting of the edge states. The edge magnetic moment and electronic stability are dependent on the inter-edge superexchange interaction. The strain-magnetism coupling also has been found in ZGNR, while the usability of this physical property in nanodevices still needs further investigations. Both the quantum-confinement effect and the inter-edge superexchange interaction can be tuned by varying the ribbon width, and the edge magnetism can be effectively tuned by varying the electronic occupation of the ZGNR edges. The two edges of ZGNR can be equally or unequally tuned by charge doping or Li adsorption, respectively. The Li adatom tends to be trapped at the ZGNR edge, which is due to the pairing mechanism between the transferred electron with the spin-polarized edge electrons. It has been shown that Li adsorption is a nondestructive and memorable approach to effectively tune the edge magnetism of ZGNR. This work is helpful for the further investigation and application of ZGNR and other magnetic graphene systems.
